The RNA-guided CRISPR-associated protein Cas9 is used for genome editing, transcriptional modulation, and live-cell imaging. Cas9-guide RNA complexes recognize and cleave double-stranded DNA sequences on the basis of 20-nucleotide RNA-DNA complementarity, but the mechanism of target searching in mammalian cells is unknown. Here, we use single-particle tracking to visualize diffusion and chromatin binding of Cas9 in living cells. We show that three-dimensional diffusion dominates Cas9 searching in vivo, and off-target binding events are, on average, short-lived (<1 second). Searching is dependent on the local chromatin environment, with less sampling and slower movement within heterochromatin. These results reveal how the bacterial Cas9 protein interrogates mammalian genomes and navigates eukaryotic chromatin structure.
T he RNA-guided endonuclease Cas9 uses RNA-DNA complementarity to target and cleave double-stranded DNA upstream of a protospacer-adjacent motif (PAM) (1, 2) . Cas9 can be programmed with a single-guide RNA (sgRNA) to cleave specific DNA sequences within eukaryotic cells, which facilitates its use as a tool for genome engineering (3) (4) (5) . Biochemical and genome occupancy studies have established the PAM and adjacent~5 to 8 base pairs (the "seed" region) of the DNA target site as the basis for Cas9 DNA interrogation and off-target activity (1, (6) (7) (8) (9) (10) (11) (12) (13) . Nonetheless, how Cas9 explores large eukaryotic genomes and identifies targets within the context of chromatin remains largely unknown. In particular, the in vivo kinetics of on-versus off-target binding and Cas9 dependence on the chromatin environment have not yet been examined in living eukaryotic cells.
To investigate the live-cell dynamics of Cas9 target searching, we tracked single, fluorescently labeled, catalytically inactive Streptococcus pyogenes Cas9 (dCas9) molecules to determine their diffusion and chromatin binding properties in live mouse cell nuclei (14) . dCas9 was fused at its C terminus with a HaloTag domain and stably integrated into the genome of NIH 3T3 cells under an inducible, tetracycline response element (TRE)-tight promoter (Fig. 1A and figs. S1 to S3) (15) . Guide RNAs were transiently expressed from a blue fluorescent protein (BFP) reporter plasmid. Covalent linkage of a cell-permeable, fluorescent HaloTag ligand (JF549) allowed for visualization of single Cas9-HaloTag molecules under leaky expression (Fig. 1, A and B, and fig. S4 ) (16) .
To study dCas9-HaloTag binding dynamics at endogenous genomic loci, we transfected cells with a guide RNA targeted to short interspersed nuclear elements (SINEs) of the B2 type. The B2 elements are repeated~350,000 times throughout the mouse genome, often in intragenic regions, with a single element per insertion site (17, 18) . We reasoned that the abundance of these loci would shift the global equilibrium of Cas9-HaloTag binding and allow us to observe otherwise rare target-binding events. Two-photon fluorescence correlation spectroscopy (FCS) experiments revealed a substantial reduction in global dCas9-HaloTag mobility for B2 sgRNA-transfected cells relative to apo (no sgRNA) protein (Fig. 1C) . Both apo and B2-loaded dCas9-HaloTag displayed biphasic kinetic behavior in our FCS measurements, which reflected slowly and rapidly moving populations for both conditions. The magnitude of the slow diffusion coefficient was reduced by >90% in the presence of B2 sgRNA relative to the apo protein ( fig. S5) .
We conducted two-dimensional (2D) tracking experiments at short (10-ms) exposure times in cells transfected with a plasmid encoding either B2 or a phage-derived "nonsense" guide bearing minimal homology to the 3T3 genome (figs. S6 to S8). A nonsense sgRNA has the potential to direct Cas9 off-target interactions through millions of PAMs and short seed sequences within the genome and thus serves as a proxy for a Cas9 protein in the process of searching (1, 6). The 
) Cas9 molecules for B2 sgRNA relative to nonsense sgRNA or no-guide controls, consistent with more chromatin binding for the B2-loaded Cas9 ( Fig. 2A and fig. S9 ). In similar experiments, a B2 guide with mismatches proximal to the target PAM gave rise to Cas9 diffusion histograms similar to those of the nonsense guide; in contrast, a B2 guide with homology mismatches distal to the target PAM gave rise to a distribution more similar to the cognate B2 guide (B2_0M and B2_13M, respectively) ( Fig. 2A and fig. S6 ). These observations are consistent with the noted role of the seed region in driving Cas9's RNA-guided interaction with DNA (6, 10, 11).
Compared with a binding-dominant protein (e.g., H2B) or a protein that demonstrates a mixture of binding and diffusion (e.g., Sox2), both the nonsense-loaded and apo Cas9 showed considerably more apparent 3D diffusion in cell nuclei (Fig. 2B, fig. S9 , and movies S1 to S4). In addition, 3D multifocus tracking experiments with the nonsense guide showed that Cas9-guide RNA complexes use diffusion-dominated target searching throughout the entirety of the cell nucleus ( Fig.  2C and movie S5) (19) . These results underscore the dominance of 3D diffusion over binding during DNA interrogation by Cas9 and demonstrate an in vivo target search mechanism similar to what has been observed in vitro (6) .
To determine the relative kinetics of on-versus off-target binding, we measured in vivo residence times of dCas9-HaloTag molecules bound to chromatin. We performed time-lapse experiments at a constant exposure time (20 ms, t int ) while varying the lapse time t lapse between successive frames (Fig. 3A , movies S6 to S9). From these movies, we plotted the probability that a dCas9-HaloTag molecule would remain stationary as a function of time (survival probability) (Fig. 3B) . Rescaling and concatenation of these plots allowed us to extract an average off-target residence time of 0.75 ± 0.1 s for Cas9 containing a nonsense guide (t ns ) ( fig. S10) (20, 21) . We note that a small fraction of the binding events in our concatenated plot were longer than 10 s, which might be attributed to rare genomic sequences with higher homology to the nonsense guide ( fig. S10) (6, 22) . We also measured the binding of nonsense-loaded protein in dCas9-eGFP stable cell lines using fluorescence recovery after photobleaching (FRAP), a bulk technique for assessing protein mobility based on exchange between bleached and unbleached molecules within a region of interest. We observed nearly full recovery within 10 s, which indicated mostly transient (milliseconds to seconds) chromatin interactions intermixed with diffusion (Fig. 3, C and D) (23) .
Although nonsense guide-loaded dCas9-eGFP recovered rapidly after photobleaching in our FRAP curves, the B2 guide-loaded protein resulted in a large immobile fraction even when measured out to 5 min (Fig. 3, C and D, and movies S10 to S12). Similarly, survival probability plots of B2 guide-loaded Cas9 showed substantially longer residence times compared with those with the nonsense guide (Fig. 3B) . These data suggest that Cas9 binding at bona fide targets (t s ) could be considerably longer (i.e., minutes or more) in vivo relative to short-lived (milliseconds to seconds) binding typical of PAMs and very short seed sequences (t ns ) (6). We refrain from more precisely estimating t s here because of (i) a likely mixture of off-target and on-target binding in the immobile fraction, (ii) imaging limitations due to photobleaching in our single-molecule measurements (curved tails) (Fig. 3B) , and (iii) known complications with extracting residence times from FRAP data (24) .
The ability of Cas9 to target heterochromatic regions (HRs) is important for its application to genome editing. To study Cas9 behavior in HRs, we performed tracking experiments in cells with eGFP-labeled heterochromatin protein 1 (HP1) ( fig. S11) (25) (26) (27) (28) . dCas9-HaloTag molecules with nonsense sgRNA were stochastically excited and tracked in live-cell nuclei, and the trajectories were overlaid onto HP1-labeled nuclear images to visualize searching with respect to heterochromatin. The resulting composite image shows marked depletion of tracks within HRs (30 ± 9% track density reduction) ( fig. S11 ). Diffusion analysis of tracks within HRs revealed that dCas9 diffusion is moderately slower in these regions (Fig. 4A and  fig. S12 ) (29) . We also performed jumping angle analysis on three-point sliding windows of our Cas9 trajectories to monitor the anisotropy of searching in HRs (28, 30) . The resulting angle distributions revealed a slight bias toward reverse (180°) angles, which suggested more compact exploration and a tendency of Cas9 to return to its starting point while interrogating heterochromatin (Fig. 4B and fig. S13 ). Together, these results show that Cas9 search efficiency is reduced, but not eliminated, in HRs.
To test whether dCas9 can bind to target sites in heterochromatin, we transfected cells expressing dCas9-HaloTag with a plasmid encoding a sgRNA targeted to pericentromeric DNA sequences within heterochromatin. We observed distinct puncta within HRs of fixed cells colocalized with dense Hoechst staining, consistent with successful dCas9 targeting to pericentromeres (Fig. 4C) . This result strongly suggests that Cas9 is able to bypass chromatin obstacles and faithfully engage with HR target sites despite reduced sampling efficiency within these regions.
Our data provide a direct visualization of DNA interrogation by Cas9 in mammalian cells. The target search mechanism involves rapid threedimensional diffusion of Cas9 around the nucleus, with occasional forays into heterochromatic regions. Our imaging approach complements chromatin immunoprecipitation experiments by capturing many of the more transient interactions with DNA that predominate as Cas9 scans vast mammalian genomes in search of its target site. Overall, our results provide a quantitative understanding of Cas9 dynamics in living cells and offer insight into how Cas9 navigates hierarchical organization of DNA within a eukaryotic nucleus.
